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An apparatus 1ncludes a direct-detection optical data
receiver to receive a data-modulated optical carrier. The
direct-detection optical data receirver includes an optical
power splitter, an array of at least three optical intensity
detectors, and a digital signal processor. The digital signal
processor 1s connected to receive digital values of 1ntensity
measurements ol each of the optical intensity detectors of
the array and to recover data of the received data-modulated
optical signal from the digital values of the intensity mea-
surements. The first optical intensity detector 1s connected to
receive light from the optical power splitter via a dispersive
optical path and the remaining of the optical intensity
detectors of the array are connected to receive light from the
optical power splitter via a multiple 1input and multiple
output passive optical processing unit. The passive optical
processing unit 1s configured to optically mix light recerved
on different optical mputs thereof.
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RECOVERY OF PHASE-MODULATED DATA
FROM AN OPTICAL SIGNAL VIA
INTENSITY MEASUREMENTS

BACKGROUND
Technical Field

The mventions relate to apparatus and methods for optical
fiber communication based, at least, 1n part on phase-
modulation of data.

Discussion of the Related Art

This section introduces aspects that may be helpiul to
facilitating an understanding of the inventions. Accordingly,
the statements of this section are to be read in this light and
are not to be understood as admissions about what 1s prior
art or what 1s not prior art.

Various data communications techniques transmit a data-
modulated optical carrier over an optical fiber. To increase
the data capacity and spectral efliciency of such fiber-based
data communications, some optical fiber communication
systems use phase modulation techniques, 1n which inde-
pendent data streams are carried on in-phase (1) and quadra-
ture-phase (Q) components of an optical signal. Such
quadrature phase shift keying (QPSK) techniques can be
based on more complex constellations, e.g., quadrature
amplitude modulation (QAM) constellations with 8, 16, 32,
64, or more data symbol values.

For optical fiber communications based on phase-modu-
lation, the optical data receiver may be a coherent optical
data receiver, which has a local optical oscillator or a
direct-detection (DD) optical data receiver, which does not
have local optical oscillator. DD optical data receivers may
provide lower-cost apparatus for recovering data from a
phase-modulated optical signal than coherent optical data
receivers. Unifortunately, some DD optical data receivers
have disadvantages. For example, some Kramers-Kronig
(KK) optical data receivers sufler from frequency fading,
and some other DD optical data receivers require the
received optical signal to include both an unmodulated
optical carrier and a data-carrying sideband optical signal.

BRIEF SUMMARY OF EXEMPLARY
EMBODIMENTS

A direct-detection (DD) optical data receiver may recover
phase-modulated data from a received optical signal based
on intensity measurements of multiple projections thereof.
Such intensity measurements are performed without opti-
cally mixing the data-modulated optical signal with an
unmodulated optical carrier, 1.e., an unmodulated optical
carrier either co-transmitted with the data-modulated optical
signal or produced by a local optical oscillator. Unfortu-
nately, the data recovery algorithms of some such DD
optical data receivers recover can require many iterations of
digital computations to determine data-modulated phases of
the optical signal with low error rates. Such computational
complexity may also require very substantial processing
hardware 1n a digital signal processor (DSP) of the optical
data receiver.

Herein, some embodiments of DD optical data receivers
measure intensities of multiple optical projections of a
data-modulated optical signal to recovery phase-modulated
data therefrom. Some such DD optical data receivers can use
algorithms for data recovery that are less complex, e.g., have
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2

lower latencies for convergence, than algorithms of other
DD optical data receivers, which rely on itensity measure-
ments of multiple optical projections of a data-modulated
optical signal. The lower latencies may be result from few
computational iterations of the phase recovery algorithms
for acceptable convergence in the digital signal processors
(DSPs) of some such DD optical data receivers. Thus, the
digital signal processors of some such DD optical data
receivers may be simpler and less costly, but some optical
front-ends and associated analog electrical processing cir-
cuitry of such DD optical data receivers may be more
complex.

In first embodiments, an apparatus ncludes a direct-
detection optical data receiver to receive a data-modulated
optical carnier. The direct-detection optical data receiver
includes an optical power splitter, an array of at least three
optical intensity detectors, and a digital signal processor.
The digital signal processor 1s connected to receive digital
values ol intensity measurements from each of the optical
intensity detectors of the array and to recover data of the
received data-modulated optical signal from the digital
values of the intensity measurements. The first optical
intensity detector 1s connected to receirve light from the
optical power splitter via a dispersive optical path and the
remaining of the optical intensity detectors of the array are
connected to recerve light from the optical power splitter via
a multiple mput and multiple output passive optical pro-
cessing unit. The passive optical processing unit 1s config-
ured to optically mix light received on different optical
inputs thereof.

In any of the first embodiments, the passive optical
processing unit may be configured to optically mix light
received at least two optical mputs thereol with a relative
time delay. In any such embodiments, the relative time delay
may be bigger than a temporal broademing produced by the
dispersive optical path on data symbols of the received
data-modulated optical signal.

In any of the first embodiments, the passive optical
processing unit may be configured to optically mix light
received from at least three of the optical inputs thereof.

In any of the first embodiments, the apparatus may be
configured to not optically mix light in the dispersive optical
path with light 1n the passive optical processing unit.

In some of the first embodiments, the apparatus may
include at least four of the optical intensity detectors and the
passive optical processing unit may have at least, three
optical inputs and three optical outputs.

In any of the first embodiments, the digital signal proces-
sor may be configured to recover, at least, phase-modulated
data of the received data-modulated optical signal from the
digital values of intensity measurements. In some such
embodiments, the passive optical processing unit may be
configured to optically mix light from at least two optical
inputs thereof with a relative time delay. In such some
embodiments, the relative time delay may be bigger than a
temporal broadening produced by the dispersive optical path
on data symbols of the received data-modulated optical
signal. In some embodiments of this paragraph, the appa-
ratus may be configured to not optically mix light 1in the
dispersive optical path with light in the passive optical
processing unit. In some embodiments of this paragraph, the
apparatus may include at least four of the optical intensity
detectors and the passive optical processing unit may have
at least, three optical inputs and three optical outputs.

In any of the first embodiments, the direct-detection
optical data recerver may be configured, at least, to recover
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phase-modulated data from two polarizations of a polariza-
tion multiplexed optical signal.

Any of the first embodiments may also include an optical
data transmitter configured to phase-modulate data onto an
optical carrier and optically connected to transmit the phase-
modulated optical carrier to the direct-detection optical data
receiver.

In any of the first embodiments, the digital signal proces-
sor may be configured to determine data carried by the
received data-modulated optical signal by digitally estimat-
ing optical projections thereof by the dispersive optical path
and the passive optical processing unit. In some such
embodiments, the digital signal processor may be configured
to correct said digital estimates of the optical projections
based on the digital values of the measured intensities.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s block diagram schematically illustrating an
optical fiber communication system based on a direct-
detection (DD) optical data receiver that uses multiple
optical projections of a received optical signal to recover
data phase-modulated thereon;

FIG. 2 1s a block-diagram schematically illustrating a DD
optical data receiver configured to use multiple optical
projections of the received optical signal, e.g., 1n the optical
fiber communication system of FIG. 1;

FIG. 3 1s a block diagram schematically 1llustrating a DD
optical data recerver with a specific embodiment of the
MxM passive optical projection unit of FIG. 2;

FIG. 4 1s a block diagram schematically illustrating an
embodiment of a DD optical data receiver according to
FIGS. 2-3 with 3 photodetectors per polarization compo-
nent;

FIG. 5 1s a block diagram schematically illustrating an
embodiment of a DD optical data receiver according to
FIGS. 2-3 with 4 photodetectors per polarization compo-
nent; and

FIGS. 6-7 are flow charts schematically illustrating algo-
rithms for optical signal recovery in a digital signal proces-
sor based on intensity measurements of multiple optical
projections of a received optical signal, e.g., algorithms for
use 1n the digital signal processors of the DD optical data
receivers of FIGS. 2-5.

In the Figures and text, like reference symbols indicate
clements with similar or the same function and/or similar or
the same structure(s).

In the Figures, relative dimension(s) of some feature(s)
may be exaggerated to more clearly 1llustrate the feature(s)
and/or relation(s) to other feature(s) therein.

Herein, various embodiments are described more fully by
the Figures and the Detailed Description of Illustrative
Embodiments. Nevertheless, the inventions may be embod-
ied 1n various forms and are not limited to the embodiments
described 1n the Figures and the Detailed Description of
[llustrative Embodiments.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

This application incorporates herein, by reference, 1n its
entirety, U.S. patent application Ser. No. 16/290,854, filed
by Haoshuo Chen et al on Mar. 1, 2019.

Various embodiments of optical data receivers recover
phase(s) modulated onto a received data-modulated optical
signal from measured intensities of optical projections of the
received data-modulated optical signal. The optical projec-
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4

tions are typically produced by passive optical processing
and typically do not involve interference of said data-
modulated optical signal with an unmodulated optical carrier
from a local optical oscillator or from a co-propagated
unmodulated optical carrier. The passive optical processing
may include producing three or more diflerent optical pro-
jections of the recerved data-modulated optical signal. Inten-
sity measurements of said optical projections enable, at
least, recovery ol phase-modulations carried by the data-
modulated optical signal and may also enable recover of
amplitude modulations thereon 1 some embodiments. In
some embodiments, the DD optical data recerver may have
photonic integrated devices therein, e.g., the passive optical
processing may be performed by a substantially planar
integrated photonic circuit.

Herein, “optical signal” refers to an optical signal in one
wavelength channel, and the signal may typically have one
polarization mode. But, some embodiments may include
parallel optical and/or electrical processing structures, e.g.,
of similar form, to support wavelength division multiplexing
(WDM), polanization division multiplexing, and/or super
channel, multiple sub-carrier, optical communications.

FIG. 1 schematically illustrates an optical fiber commu-
nication system 10 that includes an optical data transmaitter
12, a DD optical data receiver 14, and an optical fiber line
16 that all-optically connects the optical data transmitter 12
to the DD optical data receiver 14. The optical data trans-
mitter 12 1s configured to transmit a data-modulated optical
signal to the optical data receiver 14. The optical signal
carries data modulated thereon according to a phase-modu-
lation scheme, e.g., binary phase shiit keying (BPSK),
QPSK, and/or N-QAM for N>4. The DD optical data
receiver 14 recovers the optically transmitted data from the
received optical signal by intensity measurements of mul-
tiple optical projections thereof, as described below. The
optical fiber line 16 may include one or more optical fiber
spans S;, S,, . . . S,, e.g., single-mode optical fibers
all-optically end-connected by optical devices E,, E,, e.g.,
such as optional optical amplifiers and/or optical add/drop
nodes.

In various embodiments, the optical fiber communication
system 10 may provide metro, regional, long-haul, short-
reach, or inter-data center optical fiber communications.

FIG. 2 schematically illustrates an embodiment 14_1 of
the DD optical data recerver of FIG. 1. The DD optical data
receiver 14_1 includes a 1x(M+1) optical power splitter 20,
an (M+1)x(M+1) passive optical processing unit 22, an
array of (M+1) photodetectors 24_0,24 1,...24 M, (M+1)
analog electrical sampling circuits 26_0, 26_1, . . . 26_M,
and a DSP 28 with (M+1) digital mnputs. Here, M 1s an
integer greater than or equal to 2.

The 1x(M+1) optical power splitter 20 splits the data-
modulated optical signal received from the optical fiber line
16 into (M+1) separate portions and directs each of the
portions to a corresponding one of (M+1) optical paths P_0,
P_1,...P_M. The 1x(M+1) optical power splitter 20 may
be a conventional symmetric or non-symmetric, passive
optical power splitter. The individual optical paths P_0-P_M
direct the portions of the recerved data-modulated optical
signal to corresponding optical inputs of the (M+1)x(M+1)
passive optical processing unit 22, approximately in parallel.

The (M+1)x(M+1) passive optical processing unit 22
forms (M+1) optical projections of the portions of the
optical signal, which are received at the optical inputs
thereol, e.g., by passive optical processing, and outputs the
optical projections, in approximate parallel, to the (M+1)

photodetectors 24 _0-24_M. The (M+1) individual optical
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signals at the (M+1) optical outputs of the (M+1)x(M+1)
passive optical processing unit 22 are typically different
optical projections of the received optical signal. In the
(M+1)x(M+1) optical processing unit 22, the optical pro-
cessing, at least, includes dispersing the portion of the
optical signal received from the first optical path P_0 and
optically mixing the portions of the optical signal received
from at least, two of the M optical paths P_1-P_M, and may
also include relatively time delaying some of those portions,
prior to said optically mixing. Typically, the DD optical data
receiver 14_1 does not allow light 1n the dispersive first
optical path 30 to significantly optically mix with light 1n the
M+1)x(M+1) passive optical processing unit 22.

Each photodetector 24_0-24 M, receives light from a
corresponding one of the optical outputs of the (M+1)x(M+
1) optical processing unit 22 and transmits an electrical
signal representative of the measured intensity of said
received light to a corresponding one of the analog electrical
sampling circuits 26_0-26_M. FEach photodetector 24_0-
24 M may be, ¢.g., a reversed biased photodiode, 1.e., 1n a
single ended configuration, or a suitably biased photo-
sensitive transistor.

Each (M+1) analog electrical sampling circuit 26_0-
26_M performs temporal sampling to provide analog-to-
digital (A/D) conversion of the electrical intensity measure-
ment received Irom the corresponding one of the
photodetectors 24_0-24 M to a temporal series of digital
values. The analog electrical sampling circuits 26_0-26_M
digitize the intensity measurements, e.g., at a sampling rate
equal to the data symbol rate or equal to an integer multiple
of data symbol rate. The individual analog electrical sam-
pling circuits 26_0-26_M optionally may include conven-
tional analog electrical amplifiers and/or electrical filters for
processing ol received electrical signals prior to the A/D
conversion thereof.

The DSP 28 receives, e.g., approximately 1n parallel, the
(M+1) digital values for the intensity measurements of the
optical projections from the analog electrical sampling cir-
cuits 26_0-26_M at (M+1) and recovers values representa-
tive of the transmitted data-modulated optical signal there-
from, 1.e., including recovering phase modulated data. The
recovery 1s based on parallel digital processing of the
received digital values of the (M+1) intensity measurements
ol the passive optical projections, 1n a sampling period. Said
recovery 1s typically also based on a recovery of pilot
symbol values carried by the optical signal, 1n pilot symbol
intervals, e.g., as discussed below.

In the DSP 28, the digital processing to recover the
phase-modulated data uses, 1 part, information about opti-
cal channel matrices for the optical fiber line 16, the passive
optical processing unit 22 and/or the communicating optical
data transmitter 12 of FIG. 1. Herein, an optical channel
matrix 1s a matrix that determines a sequence of output
optical signals from one or more optical paths in response to
the one or more optical paths receiving a sequence of input
optical signals. In the DSP 28, the needed information about
such optical channel matrices may be obtained prior to or
during operation of the DD optical data receiver 14_1 by
explicit measurement and programming or adjustment and/
or by dynamic training or monitoring, €.g., based on recep-
tion of optical pilot symbols having known transmission
forms and/or known transmission time slots.

The DSP 28 may also do digital processing to compensate
or correct for undesired optical eflects such as dispersion,
attenuation, noise production, polarization rotation, optical
non-linear distortion, and/or polarization rotation, which are,
¢.g., caused by propagation over the optical fiber line 16, etc.
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Finally, the optical data receiver 14_1 may also include
one or more optical filter(s), e.g., to enable wavelength
channel selection and/or polarization selection (not shown)
on the optical signal received from the near end of the
optical fiber line 16 and/or optical amplifier(s) to compen-
sate for some optical attenuation, ¢.g., 1n the optical fiber line
16.

FIG. 3 schematically illustrates an embodiment 14_2 of
the optical data receiver 14_1 of FIG. 2 with a specific
embodiment 22' of the (M+1)x(M+1) passive optical pro-
cessing unit 22 of FIG. 2. The (M+1)x(M+1) passive optical
processing unit 22' includes an optically separate first optical
path 30 and an MxM passive optical processing unit 34. The
first optical path 30 receives light only from the first optical
path P_0. In parallel, the MxM passive optical processing
umt 34 receives light only from the M remaining optical
paths P_1-P_M. That 1s, the MxM passive optical process-
ing unit 34 1s a multiple mput and multiple output, passive
optical device. Also, the M optical paths P_1-P_M may be,
¢.g., short optical paths of about the same optical path
length, at the operating wavelength of the optical receiver
14_1. The first optical path 30 and the M optical outputs of
the MxM passive optical processing unit 34 direct (M+1)
direct separate optical projections of the received data-
modulated optical signal to corresponding ones of the (IM+1)
photodetectors 24_0,24 1. ..24_M. The electrical outputs
of the individual photodetectors 24_0 . . . 24_M are time-
sampled by corresponding ones of the analog electrical
sampling circuits 26_0, 26_1 . . . 26_M to produce, 1n
parallel, M+1 digital intensity measurements b(t), a, (t) . . .
a, (1), at sampling times “t”. The digital intensity measure-
ments b(t), a,(t) . .. a,t) are sent, approximately 1n parallel,
to the DSP 28.

The first optical path 30 typically includes an optically
dispersive element 32 that optically disperses the portion of
the optical signal recerved from optical path P_0. The
optically dispersive element 32 produces substantial optical
dispersion 1n the received portion of the optical signal, e.g.,
may cause optical mixing over multiple data symbol time
slots. The optically dispersion element 32 may be, e.g., a
length of chromatically dispersive optical fiber or another
conventional optically dispersive device.

The MxM passive optical processing unit 34, at least,
optically mixes light received from one or more pairs of the
M optical paths P_1-P_M. The MxM passive optical pro-
cessing unit 34 1s formed by an MxM T module serially
connected to an MxM H module.

The MxM T module introduces relative delay(s) between
the light received from one or more pairs of the M optical
paths P_1-P_M. Over the array of M optical paths P_1-P_M,
the relative delays may, e.g., linearly increase from optical
path to optical path of this array. One or more of the relative
delays may be larger than the temporal broadening produced
by dispersion i the first optical path 30. In other embodi-
ments, the MxM T module may produce a distribution of
relative delays between the M received portions of the
data-modulated optical signal, e.g., such that the relative
delay increases linearly with optical mput to the MxM T
module. The T module produces a diagonal linear transior-
mation on the M receirved portions of the data-modulated
optical signal, without causing significant optical mixing of
light received from different ones of the optical paths P_1 to
P_M.

The MxM H module optically mixes light received from
different optical outputs of the T module. For example, the
MxM H module may be an optical coupler that causes
optical mixing of said light via evanescent optical fields.
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The senal optical processing by the T module and then,
the H module produces, at the M optical outputs of the
passive optical processing unit 34, optical mixture(s) of the
portions of the data-modulated optical signal received from
the optical power splitter 20. In, one or more of said optical
mixtures, the optically mixed portions of the received data-
modulated optical signal may be relatively temporally
delayed. The relative delay(s) may be larger than data
symbol time slots and may be as big as or bigger than the
temporal broadening produced by dispersion in the first
optical path 30 on the portion received therein of the
received data-modulated optical signal.

FIG. 4 schematically illustrates an embodiment 14_3 of
the DD optical data receivers 14_1, 14 2 of FIGS. 2-3,
which includes a 1x3 optical power splitter 20. The 1x3
optical power splitter 20 has a first optical output that
connects via optical path P_0 to the first optical path 30 and
has second and third optical outputs that connect via respec-
tive optical paths P_1 and P_2 to the 2 optical inputs of the
2x2 passive optical processing unit 34.

The 1x3 optical power splitter 20 may be, e.g., a conven-
tional symmetric or asymmetric 1x3 optical power splitter,
¢.g., an itegrated planar optical device.

The first optical path 30 has a conventional optical
ispersive element 32 there along. Light propagating
hrough the first optical path 32 may, e.g., accumulate more
1spersion than light propagating through optical paths of
he 2x2 passive optical processing unit 34.

The 2x2 passive optical processing unit 34 includes a 2x2
T module that outputs light to a 2x2 H module. The 2x2 T
module has two optically separate optical paths, e.g., Iree
space and/or planar waveguide optical paths that do not
significantly mix light received from different ones of the
optical mputs of the 2x2 T module. One of the optical paths
of the 2x2 T module has an optical delay element OD there
along so that light propagating through said optical path 1s
relatively temporally delayed with respect to light propagat-
ing through the other optical path of the 2x2 T module. The
2x2 H module optically mixes light recerved at the 2 optical
inputs thereot, 1.e., to function as a 2x2 non-diagonal matrix
on the complex light fields or electromagnetic fields
received at 1ts 2 optical inputs. One example of such a 2x2
nondiagonal matrix 1s:

Alternatively, the 2x2 H module may perform other nondi-
agonal linear transformations on the light fields received at
its optical inputs. The 2x2 H module may be a 2x2 passive
optical power coupler, e.g., a 2x2 planar waveguide coupler
with an evanescent light mixing segment as illustrated in
FIG. 4 or a free-space optical mixer.

In the DD optical data recerver 14_3, light from the first
optical path 30 and the 2 optical outputs of the 2x2 H module
form 3 passive optical projections of data-modulated optical
signal received from of the optical fiber line 16, and the
intensities of these 3 passive optical projections are mea-
sured by corresponding ones of the photodetectors 24_0,
24 1, 24 2. The mtensity measurements of the photodiode
24 0 are temporally sampled by the analog electrical sam-
pling circuit 26_0 to produce the digital signal b(t). The
intensity measurements of the photodiodes 24_1 and 24_2
are temporally sampled by the analog electrical sampling
circuits 26_1 and 26_2 to produce the digital signals a, (t)
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and a,(t), respectively. The 3 digital signals b(t), a,(t), and
a,(t) are digital values for the intensity measurements of
three passive optical projections of the optical signal
received from the optical fiber line 16. These sets of 3 digital
values of the parallel intensity measurements are transmitted
to the DSP 28, approximately in parallel, for use 1n recovery
of phase and optionally amplitude values of the transmaitted
optical signal, e.g., as transmitted by the optical data trans-

mitter 12 of FIG. 1.

FIG. 5 schematically illustrates an embodiment 14 _4 of
the DD optical data recervers 14_1, 14_2 of FIGS. 2 and 3.

The DD optical data receiver 14_4 includes a 1x4 optical
power splitter 20, 1.e., a conventional symmetric or asym-
metric optical power splitter. The 1x4 optical power splitter
20 has a first optical output that connects via optical path
P_0 to the first optical path 30. The first optical path 30 was
already described with respect to FIGS. 3-4. The 1x4 optical
power splitter 20 has second, third, and fourth optical
outputs that connect, in parallel, via the optical paths P_1,
P_2, and P_3 to corresponding optical inputs of a 3x3
passive optical processing unit 34. The light output by the

first optical path 30 and the 3 optical outputs of the 3x3
passive optical processing unit 34 correspond to 4 different
passive optical projections of the data-modulated optical
signal recerved from the optical fiber line 16.

The 3x3 passive optical processing unit 34 includes a 3x3
T module serially connected to a 3x3 H module. Properties
of such T and H modules were already described waith
respect to FIGS. 3-4.

Here, the 3x3 T module has three, parallel and optically
separate optical paths. One or two of said optical paths have
an optical delay element OD', OD", which causes light
received from 2 or 3 different ones of the optical paths P_1,
P_2, and P_3 to be relatively delayed at the optical outputs
of the 3x3 T module. For example, the produced relative
delay may about the same between optical paths P_1 and
P_2 and between optical paths P_2 and P_3. Other embodi-
ments may produce another distribution or relative delays
between the light received from the 3 optical paths P_1-
P_M.

The 3x3 H module optically mixes light recerved on two
or more of the 3 optical mputs thereot, 1.e., optically mixes
light from different optical outputs of the 3x3 T module. The
3x3 H module functions as a 3x3 nondiagonal matrix, on the
complex light fields at its 3 optical inputs, 1.e., due to the

optical mixing. One example of the 3x3 nondiagonal matrix
for the 3x3 H module 1s:

1 1 1
1 —-05-087 -05+0.87i
1 -05+4+0.87 -0.5-0.87i]
Here, “1” 1s the square root of —1. Alternatively, the 3x3 H

module may correspond to another nondiagonal 3x3 matrix
transformation on the 3 complex light fields at 1ts 3 optical
inputs. The 3x3 H module may be, e.g., a conventional 3x3
passive optical power coupler such as the 3x3 planar optical
waveguide optical mixer with an evanescent field coupling
segment as schematically illustrated 1n FIG. 4.

At 2 or 3 of 1ts optical outputs, the 3x3 H module may
output mixture(s) of relatively delayed portions of the light
received from the three optical paths P_1-P_3 due to relative
delay(s) mtroduced into light transmitted to the different
optical inputs of the 3x3 H module by the 3x3 T module.
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In the DD optical data recerver 14_3, light from the first
optical path 30 and the 3 optical outputs of the 3x3 H module
form 4 different optical projections of the data-modulated
optical signal received from the optical fiber line 16. The
intensities of these 4 different optical projections are mea-
sured by corresponding ones of the photodetectors 24_0,
24 1, 24_2, and 24_3. The intensity measurement of the
photodiode 24_0 1s temporally sampled by the analog elec-
trical circuit 26_0 to produce the digital signal b(t). The
intensity measurements of the photodiodes 24_1, 24_2 and
24 3 are temporally sampled by the analog electrical sam-
pling circuits 26_1, 26_2, and 26_3 to produce the digital
signals a,(t), a,(t), and a,(t), respectively. The 4 digital
values b(t), a,(t), a,(t), and a,(t) are transmitted to the DSP
28, approximately in parallel, for use in recovery of trans-
mitted phase and optionally amplitude values of the received
data-modulated optical signal, e.g., to recover the temporal
series of data symbol values transmitted by the optical data
transmitter 12 of FIG. 1.

In the DD optical data receivers 14_2, 14_3, 14_4 of
FIGS. 3-5, the DSP 28 may use an iterative algorithm to
recover values of the transmitted data-modulated optical
signal x'(t), for sample times “t”, e.g., to determine a
temporal series of phases and optionally amplitudes of said
transmitted optical signal. Such recovery of temporal values
of the transmitted phase-modulated optical signal x'(t) 1s
made from the intensity measurements, 1.e., b(t), a,(t) . . .
a,t), of the (M+1) passive optical projections of the
received optical signal s(t), 1.e., by the photodetectors 24_0-
24 M and analog electrical sampling circuits 26_0-26_M as
already described. The recovery of temporal values of the
data-modulated transmitted optical signal, which carries
some data by phase modulation, can be performed, by the
DSP 28 from only the measured intensities of such optical
projections.

For the DSPs 28 of FIGS. 3-5, an example method for the
recovery of the phase and amplitude values of the transmit-
ted optical signal x'(t), from intensity measurements of
passive optical projections of the received optical signal s(t)
1s 1llustrated 1n FIGS. 6 and 7. The example method includes
performing a phase retrieval (PR) algorithm 50, e.g., as
illustrated in Pseudo-Code Block A, and performing a modi-
fied Gerchberg-Saxton (mGS) algorithm 60, e.g., as 1llus-
trated in Pseudo-Code Block B. Both the PR and mGS
algorithms 50, 60 use the intensity measurements of the
(M+1) passive optical projections of the received data-
modulated optical signal s(t), 1.e., received from the optical
fiber line 16, to estimate the transmitted phase-modulated
optical signal x'(t) for sample times “t”. The PR and mGS
algorithms 50, 60 recover transmitted phase and amplitude
values based on known optical properties of the optical fiber
line 16, 1.¢., between the optical data transmitter 12 and the
DD optical data receiver 14_2, 14_3, or 14_4, and known
optical properties of the (M+1) passive optical projections
done 1n the DD optical data receiver 14_2,14_3, 14_4. Such
optical properties, e.g., optical channel matrices, may be
obtained, e.g., by measurement and pre-programming of the
DSP 28 or by training of the DD optical data recerver 14_2,
14_3, 14_4.

Referring to FIG. 6 and Pseudo-Code Block A, the PR
algorithm 50 iteratively evaluates the transmitted optical
signal x'(t) from the intensity measurements b(t), {a,(t)} of
the M+1 passive optical projections of the recerved optical
signal s(t) in the DD optical data recerver 14_2, 14_3, 14 4,
¢.g., for a block of sampling times t. In the Pseudo-Code
Block A, itegers N and K are preselected to fix numbers of
iterations for various program loops therein.
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At step 52, the PR algorithm 50 includes initializing the
phases of the M values for the M passive optical projections

A () ... A, t) produced by the passive optical processing
unit 34 of FIGS. 3-5. This step 52 also includes nitializing
the value of the recerved optical signal s(t) from the M
initialized values of the A (t)’s. In the example of 1n Pseudo-
Code Block A, the phases of the A[(t)’s are randomly
initialized, but diflerent 1nitializations may be used for these
M phases. The mitialized A (t)’s are determined from their
measured intensities a,(t) . . . a,At) and the mitial phases
therefor. In the example of the Pseudo-Code Block A, an
initial value of s(t) 1s obtained by evaluating a back propa-
gation by operating with the M-element matrix 2-{H-T}™*
on the mitialized M-element array A(t), 1.e., the 1-th entry of
A(t) 1s A (t). Here, 2 1s the optical power combiner that
performs the time reversed operation of the 1x(M+1) optical
power splitter 20 for M optical outputs thereof, and H and
T are the known MxM matrices for the respective H and T
modules of the passive optical processing unit 34 of FIGS.
3-5.

At step 54, the PR algorithm 50 includes iteratively
executing the mGS algorithm 60 to obtain new estimates of
the transmitted and received optical signals x'(t) and s(t)
from a previously value for the received optical signal s(t)
and the measured intensities b(t) and a,(t)-a, t) of the
(M+1) passive optical projections.

At step 56, the PR algorithm 50 includes estimating an
error 1n the estimated value of the transmitted optical signal
x'(1), 1.e., from step 54. The error estimate may be, e.g.,
based on a next estimate x"(t) for the transmitted optical
signal, e.g., as evaluated via digital back propagation over
the optical fiber line 16. In Pseudo-Code Block A, the next
estimate x"(t) may be obtained from the performance of part
or all of the mGS algorithm 60. In step 36, the estimated
error may be a moving average of estimated errors for a set
of times t, as shown in Pseudo Code Block A. If the
estimated error 1s greater than or equal to a preselected value
g, the PR algorithm 350, in Pseudo-Code Block A, includes
looping back 57 to perform more iterations of the mGS
algorithm 60 for times tin said set of times. During the loop
back, 1.e., prior to performing more iterations of the mGS
algorithm, the phases of the s(t)’s, of the set of times, are
re-initialized, e.g., incremented or decremented by a small
randomly fixed amounts, to enable further convergence of
the 1terative evaluation of x'(t)’s, for the set of times t. If the
estimated error 1s less than the preselected value e, the
Pseudo-Code Block A outputs, at step 58, the estimates of
the transmitted optical signal x'(t) as the determined values
thereot, 1.e., for the various times tin the set.

Pseudo-Code Block A—PR Algorithm

function PR(a (1), b(t), N, K)
1
% Step 52: Imitialize array A(t) and s(t)
fork=1... M
{A(t)},=a,(t)-expli-(random-angle)]};
s(t)=2-[H-T]™"A(1);
% Step 54: Performing repetitions of mGS algorithm to
estimate x'(t)
p=1;
for p=M/K do % outer loop done M/K times with small
phase resets
1
m=1;
for m=K do % inner loop done K times without phase resets

{
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s(t), x'(t)=mGS(s(t), a(t), b(t)); % do mGS algorithm to
estimate s(t) and x'(t)
m=m+1; % Increase m for next repetition of mGS algorithm
;
end;
% Step 56: Find error 1n estimate of x'(t)
x"(t)=h,, "' ()*s(t); % Back propagate s(t) to optical trans-
mitter to get second estimate
% x"(t) of transmitted optical signal for time t
Err(t)=||x'(0)I°=Ix"(1)I°]; % Err(t), i.e., error is absolute value
of diflerence 1n square magnitudes
% of transmitted signal x'(t) from mGS algorithm and
transmitted
% optical signal x"(t) from back propagation of s(t) to
optical data
% transmuitter
AVErr(t=MV (Err(t)); % Average error AVErr(t) 1s moving
average MV( ) of error over a set of
% times t, 1.¢., to smooth peaks at the individual times tin
the set
il AVErr(t)>e
1
x'(O)=1"(t)|-exp(-(Ph(x'(t))+random-angle)); % Adjust x'(t)
phase by small random change
s(t)=h,(1)*x'(1); % Downstream propagate x'(t) to update
phase of s(t) with a small
% random adjustment for the next iterations of the mGS
algorithm
p=p+1;
;
else 1 AVErr(t)=e
% Step 38
return x'(t); % For “t” in the set of times t, output estimates
of transmitted optical signal x'(t)

j

Referring to FIG. 7 and Pseudo-Code Block B, the mGS
algorithm 60 estimates the transmitted and recerved optical
signals x'(t) and s(t) from an mput value for the received
optical signal s(t) and mmput values of the measured inten-
sities b(t), {a ()}, i.e, i=1 . . . M, of the (M+1) passive
optical projections of the data-modulated optical signal, as
received by the DD optical data receiver 14_2, 14_3, 14_4.
That 1s, the mGS algorithm 60 estimates the phase and
amplitude of the transmitted data-modulated optical signal
based on an imtial mput for s(t) and measurements of
intensities by the DD optical data receiver 14_2,14_3,14 4.

At step 62, the mGS algorithm 60 includes evaluating a
back propagation of the mput value for the optical signal s(t)
received at the DD optical data recerver, to obtain a first
estimate of the transmitted optical signal x'(t). The evalua-
tion 1s for a back propagation by the optical fiber line 16
from the DD optical data receiver 14_2-14_4 to the optical
data transmitter 12 of FIG. 1. The evaluation of the back
propagation 1s based on the known optical channel function
h (1) for the optical fiber line 16. In Pseudo-Code Block B,
the evaluation of the back propagation may also include
bandwidth filtering the optical signal x'(t), e.g., to account
for known optical filtering in the optical transmitter 12
and/or may include constraining x'(t) to have known optical
pilot symbol values for the slot times “t,” ot said known
optical pilot symbols.

At step 64, the mGS algorithm 60 includes estimating the
received optical signal s(t) by forward propagating the first
estimate of the transmitted optical signal x'(t), 1.e., from the
step 62. In the Pseudo-Code Block B, the evaluation 1s for
torward propagation via the optical fiber line 16 from the
optical data transmitter 12 of FIG. 1 to the DD optical data
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receiver 14_2-14_4. This evaluation 1s again based on the
known channel matrix h,,(t) for the optical fiber line 16.
At step 66, the mGS algorithm 60 includes improving the
estimate of the received optical signal s(t), from step 64, by
evaluating the first passive optical projection of s(t) and
correcting said evaluation based on the measured intensity
b(t) for said passive optical projection. The first passive
optical projection 1s done by the dispersive first optical path

30 of the DD optical data recerver 14_2-14 4. In the

Pseudo-Code Block B, the known dispersive channel matrix
WO of the first optical path 30 1s used to evaluate a forward
propagation of the estimate of the received optical signal
s(t), from the step 64, through the optical power splitter 20
and the dispersive first optical path 30 to obtain an evalu-
ation of the first passive optical projection of s(t). Then, the
cvaluation of the first passive optical projection 1s then,
corrected to have the measured intensity b(t). Finally, an
evaluation of a back propagation of said corrected evalua-
tion of the first passive optical projection through the
dispersive first optical path 30 and the optical power splitter
20 1s performed to obtain the improved estimate of the

received optical signal s(t).

At step 68, the mGS algorithm 60 includes further
improving the improved estimate of received optical signal
s(t), from the step 66, by evaluating the M other passive
optical projections and correcting said M evaluations to have
the measured 1ntensities a(t). In the Pseudo-Code Block B,
the known optical processing by the optical power splitter 20
and the passive optical processing unit 34, 1.e., with the T
and M modules, that causes mixing of portions of the
received optical signal, 1s used to evaluate these other M
passive optical projections from the improved estimate of
the received optical signal s(t), from the step 66. Then, said
M evaluations of the other M passive optical projections, for
time t, are corrected to have the mtensities a (t), for 1=1 . .
. M, measured by the DD optical data receiver 14_2-14_4.
Finally, the Pseudo-Code Block B includes evaluating a
back propagation of said corrected evaluations of these other
M passive optical projections though the passive optical
processing unit 34 and the optical power splitter 20 to obtain
the further improved estimate of the recerved optical signal
s(t).

At step 70, the mGS algorithm 60 returns the final
estimates of the transmitted and received optical signals x'(t)
and s(t), respectively,

Pseudo-Code Block B: Modified Gerchberg-Saxton
(“mGS”) Algorithm

function mGS(s(t), a,(t), b(t))
1
% Step 62: Estimate transmitted optical signal x'(t) from
iput s(t) by evaluating back propagation
X'(1)=h,,""(1)*s(t); % Back propagate s(t) based on channel
matrix h,,(t) of optical fiber line 16
X'(t)=h 5, {t)*x'(t); % Filter optical signal by bandwidth filter
function hy;{t) of

% optical data transmitter 12
X'(t,=Xp: %0 Adjust X'(t) to have known pilot symbol value
(s) X, at pilot time(s) t,
% Step 64: Estimate received optical signal s(t) by forward
propagating x'(t)
s(t)=h,,(1)*x'(t); % Forward propagate x'(t) over the optical
fiber line 16 based on h, ()
% Step 66: Improve estimate of s(t) by evaluating and
correcting first passive optical projection
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d(t)=h,(t)*s(t); % Evaluate optical projection d(t) via chan-
nel matrix h,(t) of first optical path 30
d(O)=[b(t)]*-exp[i-Ph(d(1))]; % Constrain d(t) to have mea-
sured intensity b(t).

% Ph( ) 1s the phase angle of ( ).
s(t)=[h,,(1)]~"*d(t); % Back propagate over first optical path
30 to get improved estimate of s(t)
% Step 68: Further improve estimate of s(t) by evaluating
and correcting M other optical projections
For ;=1 M, mitially 1=1, do % Loop to evaluate M-compo-
nent array A(t)
1
Ph(aj(t)):Ph([H*T-S-A(t)] j); % Evaluate propagation of s(t)
through optical power splitter S and

% optical H-T module to find phases of other M passive

optical projections

Aj(t):aj(t) exp[i-Ph(aj(t))]; % A(t) 1s an M component array
with 1-th component Aj(t),, these M

% passive optical projections are corrected by measured

intensities thereof

;

s(t)=>-[H-T]~ " A(t); % Back propagate A(t), i.e., array of M
corrected passive optical projections,

% through passive optical processing unit 34 and optical

power splitter 20 to

% get more improved estimate of received optical signal

s(t). 2 matrix 1s the
% reverse combining action of M optical outputs of
optical power splitter 20.
return s(t), x'(t);}

In other embodiments, the passive optical processing unit
34 of FIG. 3 may be replaced by a passive optical processor
that combines the passive optical processing to relatively
delay and to optically mix the M portions of the optical
signal mput thereto.

Also, 1 some embodiments, which employ polarization
multiplexing, some of the pilot symbols may be precalcu-
lated for phase recovery based on the polarization coupling
in the optical fiber channel(s).

In some embodiments, temporally overlapping, time

blocks of sequentially measured intensities of the optical
projections and/or light fields, 1.e., at different times t, may
be used to evaluate Fourier transforms in the above-de-
scribed iterative algorithms of the DSP 28. In such embodi-
ments, the converged results of 1terative estimates of phase
values may only be finally retained, 1.¢., at the termination
of the 1terative algorithms, for non-overlapping portions of
said time blocks, based on measured intensities for said
individual blocks, so that said evaluations do not depend
significantly on the size(s) of the time blocks used 1n the
algorithms

In some embodiments, other circuits of the DSP 28 of
FIGS. 2-5 may digitally perform optical equalization, e.g., to
compensate for chromatic dispersion, polarization rotation
and/or polarization mode dispersion. Also, the results of
such a digital optical equalization may also be fed back to
the loops of the iterative algorithms, e.g., the PR and mGS
algorithms 50, 60 of FIGS. 6-7, to improve estimates of the
phases and amplitudes of the light fields being recovered and
thereby further aid the convergence of the iterative algo-
rithms or to increase the rate of convergence thereot, e.g., to
correct evaluated values of pilot symbols. Also, such feed-
back may be used to adjust intensity measurements of
different polarizations of pilot symbols 1n embodiments
supporting polarization division multiplexing.
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From the disclosure, drawings, and claims, other embodi-
ments of the inventions will be apparent to those skilled 1n
the art.

What 1s claimed 1s:

1. An apparatus, comprising;:

a direct-detection optical data receiver to recerve a data-
modulated optical carrier, the receiver comprising an
optical power splitter, an array of at least three optical
intensity detectors, and a digital signal processor; and

wherein the digital signal processor 1s connected to
receive digital values of intensity measurements from
cach of the optical intensity detectors of the array and
to recover data of the received data-modulated optical
signal from the digital values of the intensity measure-
ments;

wherein the first optical intensity detector 1s connected to
receive light from the optical power splitter via a
dispersive optical path and the remaining of the optical
intensity detectors of the array are connected to receive
light from the optical power splitter via a multiple input
and multiple output passive optical processing unit; and

wherein the passive optical processing unit 1s configured
to optically mix light received on diflerent optical
inputs thereof.

2. The apparatus of claim 1, wherein the passive optical
processing unit 1s configured to optically mix light from at
least two optical inputs thereof with a relative time delay.

3. The apparatus of claim 2, wherein the relative time
delay 1s bigger than a temporal broadening produced by the
dispersive optical path on data symbols of the received
data-modulated optical signal.

4. The apparatus of claim 1, wherein the passive optical
processing unit 1s configured to optically mix light from at
least three of the optical inputs thereof.

5. The apparatus of claim 1, wherein the apparatus 1s
configured to not optically mix light 1n the dispersive optical
path with light 1n the passive optical processing unit.

6. The apparatus of claim 1, wherein the apparatus
includes at least four of the optical intensity detectors and
the passive optical processing unit has at least, three optical
inputs and three optical outputs.

7. The apparatus of claim 6, wherein the apparatus 1s
configured to not optically mix light in the dispersive optical
path with light 1n the passive optical processing unit.

8. The apparatus of claim 6, wherein the digital signal
processor 1s configured to recover, at least, phase-modulated
data of the received data-modulated optical signal from the
digital values of intensity measurements.

9. The apparatus of claim 1, wherein the digital signal
processor 1s configured to recover, at least, phase-modulated
data of the recerved optical signal from the digital values of
the 1ntensity measurements.

10. The apparatus of claim 9, wherein the optical pro-
cessing unit 1s configured to optically mix light from at least
two optical inputs thereof with a relative time delay.

11. The apparatus of claim 10, wherein the relative time
delay 1s bigger than a temporal broadening produced by the
dispersive optical path on data symbols of the received
data-modulated optical signal.

12. The apparatus of claim 9, wherein the apparatus 1s
configured to not mix light 1n the dispersive optical path with
light 1n the passive optical processing unit.

13. The apparatus of claim 9, wherein the apparatus
includes at least four of the optical intensity detectors and
the passive optical processing unit has at least, three optical
inputs and three optical outputs.
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14. The apparatus of claim 1, wherein the direct-detection
optical data receiver 1s configured, at least, to recover
phase-modulated data from two polarizations of a polariza-
tion division multiplexed optical signal.

15. The apparatus of claim 1, further comprising an 5
optical data transmitter configured to phase-modulate data
onto an optical carrier, the optical data transmitter being
optically connected to transmit the phase-modulated optical
carrier to the direct-detection optical data recerver.

16. The apparatus of claim 1, wherein the digital signal 10
processor 1s configured to determine data carried by the
received data-modulated optical signal by digitally estimat-
ing optical projections thereof by the dispersive optical path
and the passive optical processing unit.

17. The apparatus of claim 1, wherein the digital signal 15
processor 1s configured to correct said digital estimates of
the optical projections based on the digital values of the
measured intensities.

16
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